Changes in turbidity, sedimentation and light over a two year large scale capital dredging program at Onslow, northwestern Australia, were quantified to assess their effects on filter feeder communities, in particular sponges. Community functional morphological composition was quantified using towed video surveys, while dive surveys allowed for assessments of species composition and chlorophyll content. Onslow is relatively diverse recording 150 sponge species. The area was naturally turbid (1.1 mean P 80 NTU), with inshore sites recording 6.5 × higher turbidity than offshore localities, likely influenced by the Ashburton River discharge. Turbidity and sedimentation increased by up to 146% and 240% through dredging respectively, with corresponding decreases in light levels. The effects of dredging was variable, and despite existing caveats (i.e. bleaching event and passing of a cyclone), the persistence of sponges and the absence of a pronounced response post-dredging suggest environmental filtering or passive adaptation acquired pre-dredging may have benefited these communities.
Introduction
Changes in water quality can influence the abundance, diversity and structure of benthic communities in freshwater (Burdon et al., 2013; Milner et al., 2016) , estuarine (Jones, 1996; Tweedley et al., 2012) , and marine ecosystems (Fabricius, 2005; Knapp et al., 2013; Stubler et al., 2015) . Elevated suspended sediment concentrations (SSCs) in particular can have a range of effects on tropical marine communities (Rogers, 1990; Fabricius, 2005; Erftemeijer et al., 2012; Bell et al., 2015; Jones et al., 2016) . Firstly, high SSCs and associated turbidity (water cloudiness) can attenuate light for photosynthesis by autotrophic taxa, and subsequent light limitation can reduce energy for growth and reproduction in seagrasses and scleractinian corals (Anthony and Hoegh-Guldberg, 2003; Fabricius, 2005; Collier et al., 2012; Jones et al., 2016) . In addition, the finer fractions of suspended solids can clog feeding and respiratory apparatus of filter feeders such as sponges (Tompkins-MacDonald and Leys, 2008) , ascidians (Armsworthy et al., 2001) , bivalves (Ellis et al., 2002) and barnacles (Fabricius and Wolanski, 2000) . Furthermore, the settlement of suspended material results in increased sedimentation, which can affect communities through smothering or the need for energetically demanding processes such as self-cleaning (Edmunds and Davies, 1989; Stafford-Smith and Ormond, 1992; Riegl and Branch, 1995; Bannister et al., 2012) . Lastly, suspended sediments can also negatively influence reproductive output and life cycles of sessile benthic invertebrates such as scleractinian corals and sponges (Whalan et al., 2007; Jones et al., 2015b; Ricardo et al., 2016) .
Anthropogenic activities such as dredging can temporarily result in very high SSCs (Jones et al., 2015a; Fisher et al., 2015) , and are usually subjected to environmental impact assessment (EIA) processes. Within the EIA framework, the potential effects on sessile benthic primary producers such as seagrasses, mangroves, seaweeds, and scleractinian corals are often emphasized, as these are habitat-forming taxa supporting a myriad of other marine species such as fish and invertebrates (EPA, 2011) . Of the habitat-forming taxa, comparatively little is known on how sponges respond to changes in suspended and settled sediment (Bell et al., 2015) . Although the literature clearly shows that sponges are influenced by sediment in a variety of ways, most studies confer that sponges are able to tolerate, and in some cases thrive, in environments subject to sedimentation (Bell et al., 2015; Moura et al., 2016) .
Concerns over the effects of elevated sediments on sponge communities has come to the fore-front in recent years in the Pilbara region of north-west Western Australia where macrobenthic filter feeder grounds can dominate the benthos at many locations (Heyward et al., 2010; Przeslawski et al., 2014) . The region has also been the subject of intense industrial activities in the last decade associated with a resource boom, and there have been many large-scale capital dredging projects for port expansions and creation of shipping channels to new coastal liquefied natural gas (LNG) facilities (Hanley, 2011) . In a recent study of sponge biodiversity in the Pilbara, 1164 Linnaean species and operational taxonomic units (OTUs) of sponges were recorded , far surpassing the diversity of scleractinian corals on the Great Barrier Reef (n = 405, see DeVantier et al., 2006) . Despite the diversity and functional importance of sponges in the region, information on their biology, ecology and responses to turbidity and sedimentation pressures are comparatively limited. This is a challenge to the effective management of this biodiversity resource (EPA, 2011; Bell, 2008) .
The sensitivity of sponges to sedimentation is known to vary between taxa with different morphologies, with individuals possessing encrusting and tube morphology shown to be more sensitive to sedimentation than erect forms (de Voogd and Cleary, 2007) . Phototrophic (chlorophyll containing) sponges are common in shallow tropical reef environments (Wilkinson, 1983 (Wilkinson, , 1988 , and the long term light attenuation that occurs during dredging projects (see Jones et al., 2016) could lead to loss of symbionts and symbiont-containing species (Thacker, 2005; Roberts et al., 2006) . The differential response of sponges which have various morphologies and levels of phototrophy could potentially be used as indicators for the management of dredging related stresses and pressures on filter feeder communities.
In this study, we examine the response of filter feeder and sponge communities to a very large scale (~31.4 Mm 3 ) and extended (~2 year) capital dredging project near Onslow in the Pilbara region of north-west Western Australia (WA; Wheatstone Project; see Ministerial Approval Statement MS 873, available on the WA EPA website: http:// www.epa.wa.gov.au). The environmental regulation and permitting process associated with this project were comprehensive, requiring continuous in situ water quality monitoring and environmental compliance (turbidity and light; see MS873), and surveys of particle size distribution before, during and after dredging. Broad-scale towed video surveys were complimented with finer scale dive surveys to assess benthic filter feeder community composition pre-and post-dredging. Particular attention was paid to changes in abundance of different sponge morphologies and to the presence and absence of sponges with different chlorophyll concentrations in the before and after surveys. The influence of a marine heatwave, cyclone and river runoff over the duration of the project which introduced caveats to the interpretation are considered and discussed.
Materials and methods

Study area and sampling program
All fieldwork was conducted in the Pilbara region of north-west WA, where capital dredging operations were conducted from 11 April 2013-27 February 2015 as part of the Wheatstone project (687 days; Ministerial Approval Statement MS 873; Fig. 1 ). The dredging involved construction of a 16 km shipping channel 12 km south-west of Onslow, and dredging and armouring the coastal portion of a gas trunkline west of the channel, and required the relocation of~31.4 Mm 3 of sediment to several dredge material placement sites, the largest of which was located 9 km northeast of the end of the shipping channel ( Fig. 1) . Dredging was undertaken using trailer suction hopper dredges, cutter suction dredges and backhoe dredges and occurred near continuously (24 h a day) and sometimes with multiple dredges working concurrently in different locations.
The study area was 10 km west of the town of Onslow and 8 km east of the Ashburton River mouth (Fig. 1) . The area has an arid tropical climate with often extended periods of drought, and with the majority of rain falling between January and June. The area experiences land-sea breeze cycles, with winds that are overall southerly to westerly in spring and summer months, and that are less defined in the winter months. The area is under the influence of cyclones (with an average of 5 in WA each year), typically passing through the area in southerly or south-easterly tracks. The Ashburton River can have a significant local coastal influence with highly variable conditions from zero to intense periods of flow generally associated with cyclones. In the nearshore area, tides are semi-diurnal with a moderate tidal range of 1.9 m for spring tides. Local topography directs the tidal currents along the coast in an easterly direction on the flood tide and westerly flow on the ebb tide, although flow patterns can be interrupted by wind-driven currents in particular during neap tides. Tidal currents are moderate and in the coastal area are not significantly influenced by large scale ocean current systems. The coastal area is dominated by partially lithified and unconsolidated alluvial sediments partially overlain by sediments of marine origin. Net alongshore sediment transport is generally from west to east based on the wave climate and prevailing winds (Chevron, 2010) .
Water quality
Turbidity and light were measured using turbidimeters (ECO-NTU-SB OBS turbidity recorder) and light loggers (ECO-PAR-SB) at 30 min intervals for~2 y before dredging (17 May 2011-10 April 2013) and for~2 y during dredging (11 April 2013 -27 February 2015 at 16 locations positioned throughout the study area at depths of 6-12 m (see Fig. 1 and Table 1 ). Turbidity and light loggers were deployed vertically 1.3 m and 1.5 m above the seabed using landers. Pre-dredging, data were downloaded every 6 weeks. During dredging, the loggers were telemetered and data were downloaded every 30 min. Nephelometric turbidity unit (NTU) and photosynthetically active radiation (PAR) data were plotted and checked for quality and ambiguous data points removed using the approach outlined in Jones et al. (2015a) . To allow visual comparisons of long term (chronic) turbidity patterns, the 80th, 95th, 99th and 100th (maximum) percentiles (P 80 , P 95 , P 99 and P 100 ) of NTU were calculated for running mean intervals between 1 h and 30 d. A Generalised Additive Model (GAM) was used to estimate PAR values (400-750 nm) for every second throughout the daylight period following Jones et al. (2015a) . The sum of the per second quantum flux measurements were then added to calculate the daily light integral (DLI) as mol photons m − 2 d − 1 . The 20th, 10th, 5th, 1st and 0th (minimum) percentiles (P 20 , P 10 , P 5 , P 1 and P 0 ) of the DLI were calculated for running mean intervals between 1 h and 30 d. Percentiles were calculated using the runmean and runquantile functions from the ca-Tools package in R (Tuszynski, 2013; R Core Team, 2014) . Additionally, NTU and DLI cumulative probability curves were developed to assess exceedance and reduction of dredging NTUs and DLIs respectively from pre-dredging levels. A conversion factor for NTU to SSC (mg L − 1 ) ranged between 1.6 and 2.6 (mean = 2.2) for the Wheatstone project (Peter Fearns pers. comms.).
Particle size distribution of benthic sediment
Grab samples for particle size distribution (PSD) analyses were collected along the shipping channel in December 2012 (prior to the start of dredging), immediately after dredging (March 2015) and in October (2015)~7 months later. Duplicate samples for superficial sediment were collected using a 2.4 L Petite Ponar® (Wildco, FL, US) grab at sampling stations 100, 250, 750 and 1500 m perpendicular to the channel along 7 transects, centred on the channel and at increasing distances away from shore (3, 6, 7.5, 8.5, 12.5, 14 and 16.5 km; corresponding to S1 to S7; Fig. 1 ). Sediment grabs were homogenised, subsampled and stored in 1 L collection bags in a cool and dark environment. The duplicate samples were analysed separately for PSD (% volume) at commercial laboratories (Microanalysis Australia, Perth, Australia and ALS Newcastle, Australia) and data expressed as relative percentage of particle sizes in each of the four classes: clay (< 2 μm), silt (2-60 μm), sand (> 60-2000 μm) and gravel (> 2000 μm) . Results for the duplicate samples were averaged.
Towed video surveys
Underwater towed video surveys were conducted to examine changes in abiotic substrate and benthic community composition along the shipping channel, partitioned into 3 zones (Inner, Middle [Mid] and Outer) based on the PSD assessment described above ( Fig. 1 ). Although the 'Mid' channel zone did not contain any PSD sampling transects, it was included to assess any potential transitional changes in benthic communities along the channel between the Inner and Outer zones. Towed video surveys were conducted on 18-30 March 2013 (predredging) and 3-13 July 2015 (post-dredging), along 9 transects in the Inner zone, 7 in the Mid zone and 11 in the Outer zone.
Live-feed videos of the seafloor and benthos were captured onto miniDV tapes by towing a video body over the survey area, and using a variable-speed winch to control height of the video above the sea bed. The length of the towed video transects ranged from 350 to 780 m (median = 390 m) with the number of photos available for analyses ranging from 45 to 109 per transect ( Supplementary Table 1 ). Depth of individual towed video transects were determined from the vessel's depth sounder. High resolution still images (with a field of view between 0.3 and 0.5 m) were captured at 10 s intervals (which corresponded to~10 m spatial interval) using a 12 MP digital still camera mounted to the towed video body. All devices (computer, video recorder and stills cameras) were sub-second synchronised to GPS (latitude, longitude) with date and time stamps. For further details of these remote imaging systems see Speare et al. (2008) and Negri et al. (2010) .
Images from the towed video surveys were examined by a single assessor to eliminate observer bias. Abiotic substrate composition was processed using the Australian Institute of Marine Science (AIMS) Long Term Monitoring protocol (see Sweatman et al., 2008) , and the proportion of the benthos occupied by silt, sand, unconsolidated pebble/ gravel, shells, rubble and reefal substrate quantified. As biota were (1) the study site in the Pilbara Region of NW Australia (see Inset A) 12 km west of the coastal township of Onslow and east of the Ashburton River mouth. A sediment plume from the Ashburton River (see Ashburton River mouth) can be seen migrating eastwards close to the shore, (2) the entrance channel, gas trunkline (dashed line east of the channel) and dredge placement site (spoil ground; yellow box), (3) the 16 water quality monitoring sites (refer to Table 1 for details). Sites are coloured according to pre-dredging nephelometer turbidity unit (NTU) clusters (light blue = cluster 1, yellow = cluster 2, orange = cluster 3 and red = cluster 4; see Fig. 2), (4) towed video transect mid-points (blue diamonds) and dive survey sites (red stars) partitioned into Inner (green dashed box), Mid (red dashed box) and Outer channel zones (blue dashed box; see Inset B) and (5) the seabed particle size distribution (PSD) sampling sites (S1-S7; green dots). See Supplementary Fig. 5 for time series Landsat images of the study area reflecting the dynamic nature of sediment plumes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Landsat images produced by M. Broomhall and P. Fearns, Remote Sensing and Satellite Research Group, Curtin University. Source of Landsat data: US Geological Survey. Table 1 Site number, name, abbreviation, GPS coordinates and mean depth for the 16 water monitoring sites established by the dredging proponent for two years prior to commencement of dredging (17 May 2011-10 April 2013) and two years while dredging was occurring (11 April 2013 -27 February 2015 Wahab et al. Marine Pollution Bulletin 122 (2017) 176-193 sparse in the study area, assessment at a higher resolution was performed which involved counting all individuals within each image. A total of 18 biological categories (i.e. macroalgae, rhodolith, seagrass etc.see Table 4 ) were used. For colonial taxa, a collective of individuals was considered as a single entity based on relative colony size (10 individuals for colonial ascidians, 5 for zooanthids and 5 for hydrozoans). For cnidarians, such as hard corals, soft corals and gorgonians, which form colonies but have more distinct gross morphologies, a single colony is one which is clearly separated from another. Sponges were further categorised into 16 functional morphological groups (i.e. encrusting, erect, massive etc.see Table 6 ) using categories defined by Schönberg and Fromont (2014) . The total number of biota recorded was divided by total area surveyed (assuming each image is 0.5 × 0.5 m) to attain a standardised measure of abundance (individual m − 2 ). While the image FOV ranged from 0.3-0.5 m, the larger image area was used to attain a conservative measure of abundance, relevant for the sparsely distributed benthic communities encountered in the study.
Sponge species assessments
Dive surveys (n = 12) were conducted on 18-30 March 2013 (predredging) and 3-13 July 2015 (post-dredging), to assess fine scale, species level changes in sponge communities ( Fig. 1 ). At each site 2-4 transects (1 × 5 m) were laid out haphazardly and surveyed for sponges, ascidians, bryozoans and cnidarians (including gorgonians, soft corals and hydrozoans). The dive sites between pre-and postdredging surveys were at the same location, however, permanent transects were not established. Numbers of individuals were recorded for sponge species and operational taxonomic units (OTUs), and representative specimens photographed in situ and then sampled. Subsamples were preserved in liquid nitrogen for chlorophyll a (Chl-a) analysis and transferred to − 80°C for storage. Remaining sub-samples were preserved in 75% ethanol for taxonomic work. Sponge abundance was averaged by area of replicate transects for each dive site (individuals 5 m − 2 ), and individual dives considered as replicates for comparison of species composition between pre-and post-dredging surveys. Species diversity indices (Simpson diversity index (1 − λ′) and Pielou's evenness index (J′)) and total number of species (S) were calculated based on species occurrences and abundance. Average quantitative taxonomic diversity (Δ) and distinctness (Δ*), which consider taxonomic relatedness of species, were also calculated.
Sponge chlorophyll a analyses
Sponge Chl-a concentration was used to infer phototrophic status pre-and post-dredging. Frozen samples were left to thaw for 15 min and placed in dry, pre-weighed 15 mL extraction tubes and wet weight (ww; mean = 360 mg) determined using an analytical balance. Laboratory grade methanol (99.6%) was added to the tubes to immerse the samples (3-4 mL) and extraction performed over 2-3 h in the dark at room temperature, with samples agitated every 30 min to avoid saturation of solvent immediately surrounding the sample (Wellburn, 1994) . Samples and impurities were separated from extracts through centrifugation at 3000 rpm for 5 min and extracts were analysed in 1 cm wide plastic cuvettes using a UV-1800 Shimadzu spectrophotometer at 1 nm resolution over the range 450-700 nm. The openings of cuvettes were sealed using Parafilm® to minimize changes in pigment concentrations due to solvent evaporation. To maximise accuracy of spectral readings, extracts were diluted where necessary to obtain absorbance (A 666 and A 653 ) ranges between 0 and 1. Concentration (μg mL − 1 ) of Chl-a was calculated according to 15.56 × A 666 − 7.34 × A 653 (Wellburn, 1994) , and concentration per sample (μg g − 1 ww sponge) calculated based on total extraction volume, extract dilution factor and sample weight.
Phototrophy was assessed based on the Chl-a concentration (μg g − 1 ww sponge) of known photosynthetic sponges as reported by Cheshire et al. (1997) and Wilkinson (1983) . Sponges with a Chl-a concentration of < 2.6 μg g − 1 ww sponge were not considered to be phototrophic, based on the heterotrophic sponge Ianthella basta (Cheshire et al., 1997) . Sponges having Chl-a concentrations > 32.9 μg g − 1 ww sponge, were considered as having moderate phototrophy, based on the partially autotrophic species Jaspis stellifera. Sponges with a Chl-a concentration of > 63.5 μg g − 1 ww sponge were considered to have a high photosynthetic capacity, based on phototrophic cyanosponge species such as Carteriospongia foliascens and Phyllospongia papyracea (Bannister et al., 2011; Webster et al., 2012) .
Statistical analyses
All univariate and multivariate analyses were performed in PRIMER and PERMANOVA +, using 9999 permutations of the resemblance matrix where relevant (V7, Clarke and Gorley, 2015) . Where required, ANOSIM test was performed to assess main effects of independent variables and PERMANOVA performed to assess interactions in multivariate assessments. Cluster analysis of pre-dredging NTU P 80 data across all running mean intervals was conducted to aid identification of sites exhibiting similar natural patterns of turbidity (Euclidean distance matrix). The P 80 was selected for analyses as it preserves useful information, including intermittent turbidity peaks from natural and dredging events, for assessing chronic effects of NTU on benthic communities which would otherwise be masked using mean and median statistics (Fisher et al., 2015; Jones et al., 2015a) .
To assess differences in PSD between dredging periods and at distances away from the shore, two-way ANOSIM and PERMANOVA tests were used (Bray-Curtis similarity matrix). Pairwise comparisons were further conducted to identify where differences exist. Metric MDS (mMDS without zero-intercept; 100 restarts, minimum stress = 0.001) of the data averaged within transects (grabs away from channel as replicates) was performed to visualise differences in PSD between dredging periods. Vector correlation analysis (Pearson's correlation) was conducted to identify variables (PSD size classes) contributing most to the pattern observed in the MDS ordination space and SIMPROF test performed to identify statistically distinct groups. The effects of dredging and distances away from channel were assessed using the same method using grabs away shore as replicates within transects.
One-way PERMANOVA was used to assess differences in sampling depth between Inner, Mid and Outer channel zones (Euclidean distance matrix). To assess differences in superficial substrate composition between dredging periods (pre-and post-dredging) and channel zones, two-way ANOSIM and PERMANOVA were used (Bray-Curtis similarity matrix). Pairwise comparisons were further performed to detect where specific differences exist. ANOSIM and PERMANOVA tests were similarly used to detect differences in benthic community composition and sponge functional morphologies between dredging periods and channel zones. A univariate two-way PERMANOVA test was additionally used to assess changes in individual filter feeder taxa (i.e. sponge, gorgonians, ascidians and hydrozoans) and photoautotrophs (i.e. macroalgae) between dredge periods and channel zones. RELATE and BEST tests were performed to assess any relationships between benthic community structure and substrate composition, and to identify the most relevant substrate types influencing benthic community structure. To assess effects of the highest dredging impact, specific tests were additionally performed on benthic community composition and sponge functional morphologies data from transects closest to the site showing highest increase in turbidity (n = 6; End of Channel).
One-way ANOSIM was used to assess differences in sponge species composition between pre-and post-dredging (Bray-Curtis similarity matrix). SIMPER analysis was used to identify species contributing most to differences between dredging periods (Bray-Curtis similarity matrix, 70% cut-off). One-way univariate PERMANOVA on total number of species (S), average quantitative taxonomic diversity (Δ) and distinctness (Δ*), using dive sites as replicates, were performed to assess changes in species richness, diversity and evenness pre-and postdredging (Euclidean distance matrix).
Results
Water quality
Turbidity was highly variable across all 16 water monitoring sites and prominent features include (1) transient and episodic peaks in turbidity at sites close to the dredging as compared to more distantly located control sites, and (2) abrupt transient peaks in turbidity (with maximum turbidity exceeding > 100 NTU) over a short period when tropical cyclones passed through the study area ( Fig. 2A and Supplementary Fig. 1 ). Daily light integrals showed an inverse pattern where light level decreased when turbidity peaked. In addition, periods of low DLIs occurred during the passing of clouds, with deeper sites (i.e. End of Channel and Weeks) displaying lower DLI values compared to adjacent shallower sites ( Fig. 2A and Supplementary Fig. 1 ). Since the cyclones had broad effects over the entire study area, including control and dredge sitesand since no dredging was conducted during these periodsthe data points associated with these events were removed (refer to Supplementary Table 2 for information on cyclones). Assessment of NTU percentiles (P 80 , P 95 , P 99 and P 100 ) of different running mean periods (from 1 h to 30 d) showed similar patterns, with P 100 decreasing as temporal scale was increased from hours to weeks ( Fig. 2A and Supplementary Fig. 1 ). Values for P 99 and P 95 were relatively stable across shorter time intervals (hours to 7 d) but showed a decrease at > 7 d intervals, and values for P 80 were stable across all time scales examined. Cumulative probability curves of NTU showed an increase in turbidity during dredging at all sites, with the NTU exceedances (area between pre-and during dredging curves) ranging between 2.9 at the site WEST and 22.7 at the site ENDCH. Daily light integrals were stable at P 20 across all running mean intervals, and DLI reductions (area between pre-and during dredging curves) ranged between − 23.9 at the site ROLLER, and −261.8 at the site ASHNE ( Fig. 2A and Supplementary Fig. 1 ).
Cluster analysis of P 80 turbidity values across running mean time Fig. 1 ). Blue vertical lines represent time when dredging started. Grey vertical bars with red dashed vertical lines represent the duration and start date of the 5 cyclones that passed near the study area respectively. Turbidity was highly variable with prominent transient and episodic peaks in turbidity, with depressions in DLI values coinciding with periods of turbidity peaks. NTU values were relatively stable across running mean intervals below the 99th percentile, with a decrease observed at the > 7 d running mean interval. Distinct increase in NTU is eminent across all percentile values during dredging. The cumulative probability plot of NTU reflects the increase in turbidity with dredging, with area between the before and during dredging curves representing exceedance. Similarly, the cumulative probability plot of DLI showed a decrease in light during the dredging phase with area between the before and during dredging curves representing DLI reduction (see Supplementary Fig. 1 for plots of all 16 water monitoring sites). B) Clusters of water monitoring sites based on pre-dredging 80th percentile NTU across running mean intervals between 1 h to 30 d. Graphs were rearranged as clusters with increasing pre-dredging NTU from left to right (pre-dredging NTU cluster 1-4). Pre-(dashed lines) and during dredging (solid lines) NTUs are shown, with no overlap of pre-dredging NTU between clusters and variable increases in NTU during dredging within clusters (see Table 2 for values). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) intervals found 4 distinct clusters at 1.9 Euclidean distance similarity ( Supplementary Fig. 2 ). Plots of pre-dredging P 80 NTUs at multiple running mean intervals showed consistent patterns within groups and differences between groups (no overlaps; Fig. 2B ). During dredging, increases in P 80 NTU were variable within the pre-dredging NTU clusters with during dredging/before dredging ratios at 1 d running mean interval ranging from 0.9-2.5 ( Fig. 2B and Table 2 ). For example, within NTU cluster 2, while pre-dredging NTU were similar, sites further from dredging (e.g. AIRLIE and ASHNE) showed lower increase in NTU compared to sites that were closer to dredging activities (e.g. ENDCH and SALAD, Fig. 2B and Table 2 ). Before dredging, P 20 DLI values ranged between 1.3 and 8.7 (at running mean interval of 1 d), with the inshore ROLLER (DLI 1.3), and deeper ENDCH (1.4) and WEEKS (1.4) recording lower light levels than shallow, offshore sites (e.g. BESS, 8.7 and TWIN 4.1; Supplementary Table 3 ). The highest increase of turbidity above baseline levels was at the End of Channel (ENDCH) water quality monitoring site, located 700 m from the dredge channel. The site experienced both short term acute elevations in turbidity (> 50 NTU from the 30 min readings, and a mean maximum 1 d turbidity of 25 NTU) when dredging occurred close by, as well as more low level, chronic increases in turbidity associated with westerly drift of sediment from the dredge material placement sites (see Figs. 1, 2, and Supplementary Fig. 5 ). The P 80 turbidity over 1, 7, 14 and 30 d running mean periods was 2.1-2.6 × higher than the baseline, which was the highest ratio recorded for all water quality monitoring sites ( Table 2) . The ENDCH site also showed one of the highest decreases in light levels during dredging, with P 20 DLI over 1, 7, 14 and 30 d running mean periods ranging between 0.3 and 0.4× of baseline levels.
Particle size distribution of benthic sediment
Metric MDS (mMDS) of averaged PSD showed clustering of sites predredging with only the most inshore site (S1) separating from the rest of the sampling sites ( Fig. 3A) . SIMPROF test recovered statistically distinct groups with the offshore sites S5 and S6 showing least change in PSD composition across all dredging periods. Vector analyses showed that separation between pre-and post-dredging PSD was correlated (Pearson's correlation > 0.9) to increases in clay (< 2 μm) and silt fractions (2-60 μm), with the increase in combined clay and silt fractions ranging from 120 to 240% at inshore sites compared to −7 to 103% at offshore sites ( Fig. 3A ; Table 3 ). Seven months after the dredging, PSDs were distinct from post-dredging patterns with some inshore sites (S2, S3 and S4) resembling the S1 site pre-dredging and was correlated to increase in the smaller sand fraction (60-150 μm). No significant change was detected in PSDs at site S1 1 month after dredging and 7 months after dredging as determined by SIMPROF ( Fig. 3A) . ANOSIM analyses showed a significant effect of dredging period and distance from shore on PSDs (Sig. level = 0.01% for both factors); however, these relationships were relatively weak (R = 0.244 and 0.217 respectively). Pairwise comparisons showed the largest effect strength between pre-and post-dredging surveys (R = 0.300), and between inshore (S1, S2, S3 and S4) and offshore sites (S5, S6 and S7; maximum R = 0.627). PERMANOVA analysis showed no significant interaction between factors (p > 0.05).
The mean proportion of fine fractions (clay and silt combined), was consistent across distances away from the edge of the shipping channel before dredging, ranging between 19 and 22%, and was reflected in clustering of sites in the mMDS ordination space (Fig. 3B ). One month after dredging, the mean proportion of fines (range: 39-55%) approximately doubled, with this proportion decreasing with increasing distances away from the channel i.e. 54% (100 m away from the channel), 55% (250 m away), 44% (750 m away) and 39% (1500 m away; Fig. 3B ). In the survey conducted 7 months after the dredging, there was up to a 46% reduction in proportion of fines ( Fig. 3B ; Table 3 ). Two-way PERMANOVA showed a significant interaction between dredging period (pre-dredging, 1 and 7 months after dredging) and distance away from the channel for PSD (df = 6, pseudo-F = 2.14, p = 0.02). One way PERMANOVA for individual survey periods showed significant effects of distance away from the channel for PSDs 1 and 7 months after dredging (p < 0.05), but this was not significant before dredging.
Visual census of superficial abiotic substrate
Mean sampling depths were significantly different between zones and were deepest at the Outer zone (range: 11.9-14.7 m), followed by the Mid zone (9.6-10.8 m) and Inner zone (7.9-10.7 m; PERMANOVA: df = 2, pseudo-F = 96.643, p < 0.001; see Supplementary Table 1 for detailed towed video transect information). Silt and sand (combined) formed the majority of the substrate, constituting between 86 and 98% across time periods and zones ( Fig. 4) . Before dredging, the Outer zone exhibited the highest proportion of silt (78 ± 4%) followed by the Inner (61 ± 3%) and Mid zones (21 ± 2%). The Mid channel zone showed the highest increase in silt (67 ± 2%; 211% increase) immediately after dredging followed by the Inner zone (90 ± 2%; 48% increase), with the Outer zone exhibiting least change in silt composition (80 ± 2%; 2% increase). Two-way ANOSIM showed significant effects of time period and zone on superficial substrate composition, with a relatively high effect strength for both factors (Sig. M.A. Abdul Wahab et al. Marine Pollution Bulletin 122 (2017) 176-193 level = 0.01%, R = 0.565 and 0.535 respectively). PERMANOVA analysis revealed a significant interaction between dredging period and channel zones (df = 2, pseudo-F = 10.455, p = 0.0001). Pairwise comparisons showed no significant difference in substrate composition between the Inner and Outer channel zones (PERMANOVA: t = 1.46 p = 0.11).
Benthic community composition
Sessile taxa dominated the benthos across dredge periods (pre-and post-dredging) and channel zones (Inner, Mid and Outer), with motile taxa including Asteroidea, Echinoidea, Holothuroidea, Nudibranchia and Polychaeta forming < 0.1 individual m − 2 combined (< 2% of total counts; Fig. 5 ). Macroalgae, rhodolith and hard corals were most dominant in the Mid channel zone before dredging. Macroalgae showed the highest reduction in abundance post-dredging (−61%), followed by rhodoliths (− 27%; Fig. 5 , Table 4 ). Filter and suspension feeders, including sponges, ascidians, gorgonians and hydrozoans were dominant at the Inner and Outer channel zones before dredging. The responses of filter feeders to dredging was variable, with the most consistent pattern detected in gorgonians which showed an increase in abundance ranging from 13 to 90% before and after dredging and across all zones (Table 4) . A decrease in sponge abundances was detected for the Inner and Outer zones (−16% and −10% respectively), with an increase in the Mid channel zone of 57%. Colonial ascidians, which were the most dominant taxa in the Outer channel zone, showed the highest reduction in abundance post-dredging (−94%; Table 4 ).
ANOSIM test showed significant effects of dredging periods and channel zones on benthic community composition; however, the effect strength is relatively weak (Significance = 0.01%; R = 0.24 and 0.28 respectively). PERMANOVA identified no significant interaction of dredging period and channel zone (df = 2, pseudo-F = 1.833, p = 0.076). Pairwise comparison of channel zones showed no significant difference in benthic communities between Inner and Outer channel zones (PERMANOVA: t = 1.107, p = 0.303), reflecting patterns demonstrated in abiotic substrate composition. Two-way univariate PERMANOVA on individual filter feeder taxa showed a significant main effect of channel zones only on sponges (p = 0.553 and 0.032 for dredging period and channel zone respectively), gorgonians (p = 0.081 and 0.008) and colonial ascidians (p = 0.243 and 0.032), Table 3 Summary of mean ( ± SE) PSD proportions (%) along the 16 km shipping channel during pre-and post-dredging, and at 10 months from end of dredging. Transects S1 to S7 run from inshore to offshore consecutively (see Fig. 1 for map). Values for proportions of sand and gravel are means of sums of all size classes within the particle type group. and a significant main effect of dredging periods only on hydrozoan abundance (p = 0.0001 and 0.108). Significant main and interaction effects of dredging period and channel zones were detected for macroalgae (p = 0.015). RELATE tests showed a significant correlation between abundances of benthic communities and superficial substrate composition both before and after dredging (Significance levels = 0.01% and 0.09% respectively); however, this relationship was stronger pre-dredging (Spearman's Rho = 0.448) than post-dredging (Spearman's Rho = 0.250). The BEST test identified silt, unconsolidated pebble/ gravel, shells and reefal substrate to be most influential in shaping benthic communities pre-dredging, with silt having the strongest effect (Table 5 ). Only silt and pebble/gravel unconsolidated substrates were significantly correlated to benthic community composition post-dredging.
Specific tests on data from transects closest to the site of highest impact (ENDCH; mid-points ranging from 0 to 680 m from the edge of channel; n = 6) showed no multivariate effects of dredging on the benthic community (PERMANOVA p = 0.109), however univariate tests on individual taxa showed significant effects on hydrozoans (negative effect, PERMANOVA p = 0.014) and hard coral (positive effect, PERMANOVA p = 0.028), and to a certain extent colonial ascidians (negative effect, PERMANOVA p = 0.051; Supplementary Figs. 3 and  4) .
Sponge functional morphology composition
Sponge functional morphology was dominated by encrusting (range 20-59%), massive (11-29%) and erect forms (15-38%) both before and after dredging, and across channel zones, with the cup morphotype forming a minority group and representing between 2.5 and 7.7% of total sponges present ( Fig. 6 ; Table 6 ). At a finer morphological level, some morphotypes were more common; for example, sponges with encrusting-crust morphology (EN-cr) represented up to 87% of all encrusting forms, while erect-lamellate (E-lam) and erect-branching (Ebr) morphologies combined represented up to 83% of all erect sponges ( Fig. 6 ; Table 6 ).
Sponges with encrusting-crust (EN-cr) morphology exhibited the greatest reduction in abundance post-dredging at the Outer channel zone (61% reduction), while sponge proportions increased for massivecryptic (M-crp) and erect-branching (E-br) morphology (range: Mcrp = 22 to 375%; E-br = 65 to 188%) post-dredging across all channel zones ( Fig. 6 ; Table 6 ). ANOSIM and PERMANOVA tests both showed no significant effect of dredging period on sponge functional morphology composition (ANOSIM: Significance = 24.9% and PER-MANOVA: p = 0.492). ANOSIM detected a significant effect of channel zone; however, the effect strength was small (ANOSIM: Significance = 4.1%, R = 0.08), and there was a non-significant main effect by PERMANOVA (p = 0.061). No interaction between dredge period and channel zone was detected (p = 0.135). Specific tests on data from transects closest to the site of highest impact (ENDCH; within 1.5 km; n = 6) showed no multivariate or univariate effects of dredging on sponge functional morphology composition (PERMANOVA p > 0.05; Supplementary Figs. 3 and 4) .
Sponge species assessments
Before dredging, 333 specimens were collected, and after identifications in situ and further taxonomic work in the laboratory, 102 sponge, 20 cnidarian (hard and soft corals, and gorgonians), 18 ascidian, 6 bryozoan and 3 hydrozoan Linnaean species and OTUs were confirmed. After the dredging, a further 258 specimens were collected and from these 90 sponge, 55 cnidarian, 18 ascidian, 4 bryozoan and 1 hydrozoan Linnaean species and OTUs were identified. Of the 168 species and OTUs identified in the post-dredging surveys, 69 (42%) had not been collected before dredging, and comprised 48 sponges, 21 soft corals, 4 hard corals, 6 ascidians and 1 bryozoan. Of the 150 total sponge Linnaean species and OTUs recovered, 69 (46%) were new records for the Pilbara region, 10 (7%) had been found previously in the Pilbara but not for the Pilbara Nearshore bioregion of Australia's Integrated Marine and Coastal Regionalisation spatial classification framework (IMCRA, 1998 (IMCRA, , 2006 , and 71 (47%) were known previously from this bioregion (see Supplementary Table 4 ). Recovery of sponge species in this study increased species richness for the greater Pilbara region to 1233, and to 485 for the IMCRA Pilbara Nearshore bioregion.
One-way ANOSIM showed a significant difference in species composition between pre-and post-dredging periods (Significance = 0.02%, R = 0.667). High between-group dissimilarity was detected for sponge species composition pre-and post-dredging, with 49 species contributing 71% to this dissimilarity (SIMPER average dissimilarity = 90%; Table 7 ). Of these 49 species, 18 occurred only at either the pre-or post-dredging survey. Notably, 4 species which contributed 11% of dissimilarity between groups occurred at high abundances, but were found only at one of the sampling periods (i.e. pre-or M.A. Abdul Wahab et al. Marine Pollution Bulletin 122 (2017) 176-193 Table 4 Summary table of mean densities ( ± SE; individual m − 2 ) of benthic taxa at Onslow sampled pre-and post-dredging, and at the Inner, Mid and Outer channel zones. n represents the number of replicate towed video surveys at each sampling period and channel zone. Ratio change corresponds to density post-dredging/pre-dredging, where a value of 1 = no change, 0 = complete absence of individuals post-dredging and values > 1 representing an increase in individual taxa numbers (red text represents a decrease and blue text represents an increase in density post-dredging). Asterisk (*) highlights where individuals were only found post-dredging and not pre-dredging. γ represents taxa which showed reductions in density post-dredging at all zones across the channel and β represents taxa which showed increases in density post-dredging at all zones across the channel. post-dredging). For example, Raspailia keriontria and Pseudoceratina sp. 2 which were found at mean abundances of 1.5 ± 0.4 and 0.9 ± 0.2 individuals 5 m − 2 post-dredging respectively, were absent pre-dredging, while the opposite was true for Axinella aruensis Type II and Psammocinia cf. bulbosa (1.1 ± 0.3 and 1 ± 0.4 individuals 5 m − 2 respectively). Assessment of univariate diversity indices showed that total number of species (S) was 12% higher before dredging than after dredging which translated to marginally higher Simpson diversity and Pielou's evenness measures (Table 8) . When taxonomic relatedness of species was considered, higher average quantitative taxonomic diversity and distinctness were detected postdredging. No significant differences were detected for total number of species, average quantitative taxonomic diversity and distinctness, between the pre-and post-dredging surveys (PERMANOVA: p = 0.470 and 0.521 respectively).
Sponge chlorophyll a analyses
The majority of sponge species (89%) had comparatively low or no Chl-a content (Fig. 7) . Four species were identified as having high Chl-a content. Sarcotragus cf. sp. SS7, which possessed the highest level of Chl-a (172 μg g − 1 ww sponge, n = 1), and Ectyoplasia frondosa (66 ± 41 μg g − 1 ww sponge, n = 3) were only found in the predredging survey. Two species, Hyatella cf. intestinalis (79 ± 16 μg g − 1 ww sponge, n = 2) and Agelas cf. mauritiana (74 ± 73 μg g − 1 ww sponge, n = 2) were found in both the pre-and post-dredging surveys and contained Chl-a levels reflecting sponges with high phototrophy. Psammocinia sp. 4 (n = 1), Petrosia sp. SS4 (n = 3), Cacospongia sp. SS4 (n = 5), Oceanapia sp. SS13 (n = 4), Dictyodendrilla sp. 1 (n = 3), Ircinia irregularis (n = 1), Sarcotragus sp. SS8 (n = 1) and Oceanapia sp. 7 (n = 2) showed moderate Chl-a concentrations.
In the pre-dredging surveys, the most abundant sponges (> 0.8 individuals 5 m − 2 ) comprised a mixture of species possessing no, low or moderate Chl-a content (Fig. 8) . These included Psammocinia cf. bulbosa (1 individual 5 m − 2 , low Chl-a content), Reniochalina stalagmitis (1 individual 5 m − 2 , no Chl-a content), Oceanapia cf. sp. 7 (0.9 individuals 5 m − 2 , low Chl-a content), and Cacospongia sp. SS4 (0.9 individuals 5 m − 2 ; moderate Chl-a content; Figs. 7 and 8) . Psammocinia cf. bulbosa and Oceanapia cf. sp. 7 were not found post-dredging, but P. bulbosa and Oceanapia sp. 7 were represented at lower abundances (0.11 individuals 5 m − 2 and 0.4 individuals 5 m − 2 respectively). Cacospongia sp. SS4 and R. stalagmitis were found in the post-dredging survey and showed a 91% reduction in abundance (both at 0.09 individuals 5 m − 2 ; Figs. 7 and 8) .
In the post-dredging survey, the most abundant sponges were represented by species having no photosynthetic capacity, including Raspailia keriontria (1.5 individuals 5 m − 2 ), Axos flabelliformis (1.1 individuals 5 m − 2 ), Ceratopsion axiferum (0.9 individuals 5 m − 2 ) and Pseudoceratina sp.2 (0.9 individuals 5 m − 2 ; Fig. 8 ). R. keriontria and Pseudoceratina sp.2 were not found in the pre-dredging survey and C. axiferum and A. flabelliformis showed an increase in abundance of 36% and 140% respectively in the post-dredging survey.
Discussion
The Wheatstone dredging project was Western Australia's largest single capital dredging project to date, and involved the excavation and relocation of~31.4 Mm 3 of sediment using multiple types of dredges, working sometimes simultaneously and near continuously in multiple locations over an extended (~2 year) period. Water quality was managed by the proponents using a comprehensive environmental management plan which contained a zonation scheme (see EPA, 2011) that allowed areas of high, moderate and no biological impact depending on proximity to the dredging. Sediment released (spilled) during excavation had clear effects on water column turbidity (where increased turbidity corresponded to reduced light penetration) over large spatial scales and the subsequent settling of the sediment created deposition zones around the dredging areas, increasing the silt content of the Wahab et al. Marine Pollution Bulletin 122 (2017) 176-193 surrounding seabed. Broad taxa specific effects were identified including both positive and negative responses. Likewise, the broad-and fine-scale surveys of sponges showed variable effects of turbidity and sedimentation on sponge functional morphology between locations along the shipping channel.
Natural and dredging-related turbidity and sedimentation patterns
The nearshore environment of the study area is naturally turbid and located close (8 km) to the Ashburton River, which flooded on several occasions during the dredging phase (see Fig. 1 ). Before dredging, light penetration was low nearshore, with DLIs ranging from 1.3-2.0 molphotons m − 2 d − 1 (P 20 , 1-30 d running mean interval) reaching the benthos at 9 m depth (see ROLLER). There is a natural inshore to offshore turbidity gradient which is also likely to be a consequence of wind and wave resuspension of the gradually shallowing seabed closer to the shore (see Supplementary Fig. 5 for Landsat images of the study area through time). Dredging was associated with development of a coastal LNG facility and shore side berth pockets, jetty, material offloading facilities, a turning basin, and also a long (~16 km) navigation channel. The dredging had clear and pronounced effects on water column turbidity as has been reported in several other dredging Table 7 Summary of sponge species contributing to > 70% of average dissimilarity between pre-and post-dredging as determined by similarity percentage (SIMPER) analysis (Average dissimilarity = 89.51). SIMPER ranks species according to the overall percentage contribution each makes to the average dissimilarity between groups. Average density within pre-and post-dredging reflects square rooted transformed density values.
Species
Pre Wahab et al. Marine Pollution Bulletin 122 (2017) 176-193 projects in Western Australia (Jones et al., 2015a; Fisher et al., 2015) . Based on an 80th percentile of the 1 d running means, the ratio of dredging/baseline turbidity ranged between 0.9 and 2.5. This ratio is lower than 3 other large scale capital dredging projects in Western Australia, where values ranged between 0.5-6.8 (Barrow Island project), 1.3-4.8 (Burrup Peninsula project), and 1.5-18.6 (Cape Lambert project, see Fisher et al., 2015) . The difference in dredging/baseline NTUs between projects is likely to be due to a number of factors including the proximity of the monitoring sites from dredging, which was in turn related to the location of areas of interest, such as individual shoals or reefs of preservation value. In addition, intrinsic differences between projects, for example concentrated point-source dredging of material offloading and turning basins characteristic of the Barrow Island, Burrup Peninsula and Cape Lambert projects, compared to the dispersed dredging operation along a 16 km navigation channel at Wheatstone (making up~70% of total dredging), may have contributed to the comparatively lower NTU during the dredging phase at Onslow (Jones et al., 2015a; Fisher et al., 2015) . Lastly, control measures were adopted by the dredging proponent to reduce water quality impacts for the Wheatstone project, which include limiting overflow from trailing suction hopper dredges, and the use of backhoe dredges in more environmentally sensitive areas (Chevron, 2009 (Chevron, , 2012 .
Surveys of the particle size distribution (PSD) of the seabed 1 month after the dredging showed there had been a marked increase in the fines content (< 60 μm) of sediments compared to pre-dredging surveys. The Chl-a levels of 32.9 and 63.5 μg g − 1 ww sponge corresponding to the low and high limits of photosynthetic capabilities of sponges respectively, derived from Wilkinson (1983) . Dashed red horizontal line represents Chl-a level of 2.6 μg g − 1 ww sponge derived from a known heterotrophic sponge Ianthella basta in this study, and values falling below this represent no photosynthetic activity. Horizontal coloured bars underneath the graph represent periods when sponge species were found; blue (pre-dredging only), yellow (pre-and post-dredging) and red (post-dredging only). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Marine Pollution Bulletin 122 (2017) 176-193 post-dredging survey also identified a clear gradient of decreasing silt content with increasing distance, up to the furthest site 1.5 km away from the areas of dredging. The gradient is mostly like to have been caused by the release of sediments (spillage) into the water column, advection of the plumes away from the site of dredging and subsequent settlement of the sediment in a deposition zone. A follow-up survey 7 months after the dredging indicated slightly coarser PSDs, and a return towards pre-dredging levels; nevertheless, the gradient and sediment deposition zone still remained. The 7 month post-dredging survey was conducted after a category 3 cyclone (Tropical Cyclone Olwyn) passed through the study area, producing wind gusts of up to 140 km h − 1 , very heavy seas and profoundly disturbing the local environment. The cyclone is likely to have contributed to the change in PSDs by preferentially resuspending and displacing the fines. Increases in the silt content of sediments after dredging projects have previously been reported by Jones et al. (2016) . Increased siltification of the environment appears to be a long term legacy of large scale dredging projects, and how long it takes to return to pre-dredging levels are unknown.
Patterns of benthic communities
There is some evidence that dredging influenced benthic communities; however, the effect was relatively weak, with taxa specific responses including both decreases and increases in abundances. It is important to note that the post-dredging surveys were conducted in July 2015 when the dredging was completed (February 2015), but after Cyclone Olwyn passed through the area (March 2015). As with the sediment particle size analysis described above, the swells and sea state associated with the cyclone could have affected the abundance and benthic community composition in addition to the dredging campaign.
Macroalgae showed the most prominent reduction in abundance across all channel zones, including up to 96% at Inner channel zone. This may have been caused by light attenuation associated with the elevated turbidity experienced through periods of dredging and cyclone, as reported for other phototrophic taxa such as seagrass (Collier et al., 2012) . Sedimentation has been shown to reduce the abundance of some macroalgal species by limiting growth and survival of newly settled life history stages (e.g. spores or gametes, Eriksson and Johansson, 2005) , and may also be a plausible cause-effect pathway in the observed reduction in macroalgae abundance. However, since macroalgae can be very seasonal in distribution (Vuki and Price, 1994; Plouguerné et al., 2006; Abdul Wahab et al., 2014a) , an effect of sampling at different times of year cannot be discounted.
Individual assessments of filter feeding taxa showed a significant reduction of the hydrozoans, with up to 97% reduction in abundance at the Inner and Outer channel zones. Detrimental response to increased sedimentation has been reported in other suspension feeders, such as barnacles, where clogging of the feeding apparatus (i.e. cirri) led to mortality within 1 h of exposure (Fabricius and Wolanski, 2000) , thus similar sensitivities to increased sediment load may explain the observed decline in hydrozoans. While colonial ascidian abundance was generally stable within Inner and Mid zones, a 20-fold reduction in abundance was seen at the Outer channel zone which may have been due to the increase in turbidity. While sediment clearing behaviours have been described for ascidians, the reduction in abundance postdredging could have been due to burial and clogging of siphons and branchial walls in sediment sensitive species (Armsworthy et al., 2001) . Ascidians have been shown to be affected by increased sediment loading in the environment; however, whether the response is negative, positive or neutral is highly species-specific (Naranjo et al., 1996) , and ascidians were not taxonomically identified in this study.
Hard corals showed a slight increase in abundance after the dredging which is notable given the potential sensitivity of the early life history stages of corals to sediments and dredging (Rogers, 1990 , Fabricius, 2005 , Jones et al., 2015b . Corals in the area have been impacted from several bleaching events and cyclones in recent years. In particular, in February-March 2011 (before dredging) the study area experienced a period of unprecedented sea surface temperatures that caused widespread coral bleaching and fish kills along the west coast of Australia (Thomson et al., 2011; Moore et al., 2012; Smale and Wernberg, 2012; Depczynski et al., 2013; Feng et al., 2013; Zinke et al., 2014; Ridgway et al., 2016) . The area also experienced a period of intense storms and cyclonic activity with 2 cyclones (Bianca and Carlos) passing close by the study site in January and February 2011 respectively (Moore et al., 2012; Ridgway et al., 2016) . High declines in coral cover occurred during this period, falling from 29-68% (mean 45%) to < 10%, at > 90% of those reefs monitored before 2011. In addition, in early 2013, immediately before dredging started, the study area experienced another period of elevated seawater temperatures which resulted in > 50% of the remaining hard corals bleached (Lafratta et al., 2016) . Despite these disturbances (and cyclone Olwyn in March 2015), there was a small increase in the number of corals per m 2 over the dredging period, which may indicate recovery of hard coral populations following these high mortality events.
Patterns of sponge functional morphology
The sensitivity of sponges to sedimentation is known to vary between taxa with different morphologies (de Voogd and Cleary, 2007) . However, the existing patterns in sponge functional morphology remained relatively stable through periods of elevated sediment levels, which indicate an established community adapted to living in environments exposed to high sediment load. The high abundance of encrusting morphotypes pre-dredging was unexpected considering their low morphological profile which could correspond to higher susceptibility to detrimental sedimentation and smothering in a naturally turbid habitat influenced by river discharge plumes. However, sediment responses and active sediment clearing mechanisms exist in sponges which include alteration and cessation of pumping (Tompkins-MacDonald and Leys, 2008) , flow reversal (Simpson, 1984) and mucus production (Bannister et al., 2012) , which could have contributed to individual survival during intermittent periods of high turbidity and sedimentation.
The persistence of encrusting and endolithic sponge forms to sedimentation has been reported in other tropical areas (Carballo, 2006) . The high reduction in abundance in encrusting morphotypes postdredging, suggest that chronic exposure to sedimentation over thẽ 2 years of the dredging program may have incurred a physiological energetic deficit through constant active sediment clearing, thus contributing to mortality of individuals. Interestingly, there were morphologies which appeared to have benefited from the increased levels of turbidity and sedimentation, with erect branching and massive cryptic morphotypes showing a 4-fold increase in numbers post-dredging. An erect and branching body plan would mean the chances of smothering would be low, as most of the sponge body is elevated off the benthos with minimal horizontal surface area available for smothering or burial. In massive cryptic morphotypes, most of the sponge is buried in sediment, with fistules (protruding finger-like structures) crucial in facilitating pumping above the sediment during burial (see Bell et al., 2015 and Schönberg, 2015 for reviews on sponge adaptations to sediment). These morphologies represent passive adaptations to living in areas subject to high sediment, and have been reported previously in fan (erect laminar) and fistulose (massive cryptic) sponges in the Indo-Pacific (de Voogd and Cleary, 2007) .
Cup morphotypes were underrepresented in the study area, which could be attributed to susceptibility of this morphology to accumulating sediment, and exposure to associated physiological stress due to sedimentation (Pineda et al., 2016a) . Photosynthetic sponges (e.g. Carteriospongia and Phyllospongia spp.), which can form up to 80% of sponges on clear water reefs of the Great Barrier Reef (GBR), are typically cupshaped or foliose, a morphology which facilitates light capture for photosynthesis. These species can be depth limited if turbidity is high (Wilkinson, 1983 (Wilkinson, , 1988 Wilkinson and Evans, 1989; Webster et al., 2012; Abdul Wahab et al., 2014b) . Both Carteriospongia and Phyllospongia spp. have been reported from other localities in the Pilbara Nearshore bioregion and neighbouring Pilbara Offshore bioregion, but was absent at the study site (Abdul Wahab et al., 2014c; Fromont et al., 2016) .
Pre-dredging P 20 DLI at the 30 d running mean interval around sponge survey sites in this study ranged between 1.9 and 5.0 (ASHNE, PAROO, ENDCH, SALD and GORGSW). In a 28 d experiment investigating the effects of light on 3 phototrophic and 2 heterotrophic sponges, Pineda et al. (2016b) reported no detrimental effects of light attenuation, up to 0 DLI, on the heterotrophic Stylissa flabelliformis and Ianthella basta. Both of these species were found at pre-and postdredging surveys in this study. Sister species of two of the phototrophic sponges Cliona orientalis (C. sp. PB1 in this study) and Cymbastela coralliophilla (C. stipitata in this study) were also found during the pre-and post-dredging surveys, corroborating resilience of these species under low light conditions (Pineda et al., 2016b) . Interestingly, the highly phototrophic Carteriospongia foliascens exposed to low experimental DLI levels (< 0.8), showed bleaching and mortality, with no mortality and positive growth recorded at DLI ≥ 3.2 under the 28 d experimental conditions (Pineda et al., 2016b) . Historical exposure (> 2 y) to natural DLI levels between 1.9 and 5.0, interspersed with extended periods of high turbidity (corresponding to P 0 DLI at 30 d running mean interval ranging between 0.2 and 3.1), may incur mortalities to adults and new recruits of C. foliascens arriving to the area. This might explain the absence of Carteriospongia spp., and suggests the turbid environment of Onslow to be a poor habitat for highly phototrophic sponges. Notably, natural environmental filtering may have selected for morphologies and traits tolerant to turbidity and sedimentation stress and may explain the stability of the functional morphology assemblage post-dredging. Assemblages of sponges with cup morphologies, either heterotrophic or phototrophic, may be good indicators for inferring historic turbidity and sedimentation regime of a habitat, and could be useful in environmental impact assessment processes for managing dredging related sediment pressures in clear water habitats.
Patterns of sponge species composition
The high recovery of new sponge records (Linnaean species and OTUs; up to > 50% of all sponges collected), for Onslow and the IMCRA Pilbara Nearshore bioregion, over the entire study, clearly indicates an effect of undersampling in the area. Therefore, comparisons of species compositions between sampling periods are most likely unreliable in detecting responses to sediment pressures. Nevertheless, the reporting of 150 sponge species is important as it shows that despite natural and dredging related sediment pressures, Onslow supports relatively high sponge diversity which potentially constitutes species adapted to living in highly turbid habitats.
While species data may not be reliable in inferring community level changes, species-specific assessments may provide insights into taxa which are potentially influenced by the increased sediment loading. For example, Raspailia keriontria which occurred at the highest abundance under elevated sediment levels while not detected at lower sediment levels during baseline surveys suggests this species may possess sediment tolerance mechanisms which allow it to thrive under increased sediment loading. The opposite was observed for some species such as Axinella aruensis Type II and Psammocinia cf. bulbosa, where they occurred in high abundances pre-dredging but were not detected postdredging, which suggests higher sensitivities of these species to sediment. Notably, increased sediment perturbations have been shown to alter species composition for sponges and other invertebrate taxa in other tropical areas, whereby certain species thrive and dominate the benthos under conditions where other species seem to be negatively affected, thus highlighting species specific sensitivity of sponges to sediment related stress (Norström et al., 2009; Knapp et al., 2013) .
Community response around the site of highest water quality impact
The most seaward extent of the navigation channel is an area of particular interest as the communities there are least likely to be adapted to naturally high turbidity levels associated with the natural inshore to offshore turbidity gradient. The End of Channel (ENDCH) water quality monitoring site, which was located~700 m from the dredge channel, recorded the highest increase of turbidity above baseline levels, and one of the highest absolute turbidity levels during dredging. It also experienced both short term acute NTU elevations when dredging occurred nearby, as well as low level chronic elevations associated to westerly drift of sediment from the dredge material placement sites. The increase in turbidity also resulted in reduced DLI to the benthos at 0.4 × of pre-dredging levels. Notably, areas surrounding ENDCH was designated as a "zone of high impact", indicating all loss of benthic communities was allowed under the environmental approval permits and where limited management of water quality was needed (Chevron, 2012) .
Detailed analyses of benthic communities and sponge functional morphologies around the ENDCH monitoring site (300 m to 1.5 km away), showed similar changes as described for the coarser scale analyses for the Outer channel zone. These include an increase in the number of sponges, gorgonians and hard corals, a reduction in the number of hydrozoans and a marked reduction in colonial ascidians. This study was unable to determine if the reduction in numbers of taxa were unequivocally attributed to dredging-related turbidity, as opposed to possible additive effects of cyclone Olwyn. Similarly, it is difficult to determine whether the increases, which potentially are associated to recovery trajectory from past thermal stress events, would have been higher if dredging had not occurred. Nevertheless, despite an approximate doubling of turbidity over the~2 y of dredging, including episodic intermittent peaks in turbidity when dredging was occurring nearby, there was a relative stability in sponge, hard coral and gorgonian numbers, and sponge community functional morphologies.
Conclusion
Water quality was continually monitored during the dredging program and used in an adaptive management framework to limit the intensity and duration of disturbances. Nevertheless, there were still pronounced acute and chronic changes in water quality over large areas and in some locations (where there was no requirement to manage water quality) turbidity levels approximately doubled and light levels halved over the dredging. Despite these changes, and also the influence of a marine heatwave, tropical cyclones and several flooding events, there were no marked effects on sponge abundance, morphology and mode of nutrition. This apparent stability shows a degree of resilience of sponge communities to water quality disturbances during a wellmanaged dredging program, and may also indicate an established sponge community adapted to living in environments characterized by high sediment loads and regular cyclone exposure. This highlights the importance of considering historic disturbance regimes of communities when assessing impacts from dredging.
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